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Moho discontinuityThemultichannel normal incidence (230 km long) deep seismic reﬂection proﬁle ALCUDIAwas acquired in sum-
mer 2007. This transect samples an intracontinental Variscan orogenic crust going across, from north to south,
themajor crustal domain (the Central Iberian Zone) and its suture zonewith the Ossa–Morena Zone (the Central
Unit) both build upmost of the southwestern part of the Iberian Peninsula basement. This high resolution (60–90
fold) proﬁle images about 70 km depth (20 s TWTT) of the continental lithosphere. A new data processing ﬂow
provides better structural constraints on the shallow and deep structures resulting in an image that reveals
indentation features which strongly suggest horizontal tectonics. The ALCUDIA seismic image shows an upper
crust c. 13 km thick decoupled from the comparatively reﬂective lower crust. The shallow reﬂectivity of the
upper crust can be correlated with surface geological features mapped in the ﬁeld whereas the deep reﬂectivity
represents inferred imbricate thrust systems and listric extensional faults. The reﬂectivity of themid-lower crust
is continuous, high amplitude, and horizontal to arcuate though evidences of deformation are present as ductile
boudinage structures, thrusting and an upper mantle wedge, suggesting a transpressional ﬂower structure. The
image reveals a laminated c. 1.5 km thick, subhorizontal to ﬂat Moho indicating an average crustal thickness of
31–33 km. The Moho shows laterally variable signature, being highly reﬂective beneath the Central Iberian
Zone, but discontinuous and diffuse below the Ossa–Morena Zone. The gravity response suggests relatively
high density bodies in the mid-lower crust of the southern half of the transect. The seismic results suggest two
major horizontal limits, a horizontal discontinuity at c. 13–15 km(corresponding to the brittle–ductile transition)
and the Moho boundary both suggested to act as decoupling surfaces.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
The Iberian Massif is the largest outcrop of the Late Paleozoic
Variscan/Alleghanian Orogen inwestern Europe (Fig. 1a). It was formed
by the convergence and collision of the continental plates of Laurentia–
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014), http://dx.doi.org/10.101generated by this transpressional collision was mostly accommodated
by relatively large and localized deformation belts (suture zones) at
the edges of the involved continental domains. In addition, a more
distributed deformation zone between sutures accommodates the
residual deformation in a typical intra-continental scenario. The struc-
tures within the main collision zone are relatively well constrained
with the development of well-deﬁned thrusts faults and folds, resulting
in the imbrication of the crust at the plate boundaries involved in the
collision. These structural features developed mainly depending on
the existing stress ﬁeld coupled with the physical properties and/or
lithologies of the crustal units involved in the collision. The Variscan
Orogen has been targeted by deep seismic reﬂection experiments,
such as BIRPS (Freeman et al., 1988; Klemperer and Matthews, 1987;
Onken et al., 2000), and DEKORP (Carbonell et al., 1996, 1998, 2000;
Echtler et al., 1996; Friberg et al., 2002; Juhlin et al., 1998; Tryggvason
et al., 2001) throughmost of the Eurasian continent. In the southwestern
part of Iberia the Variscan Orogen was unravelled by the IBERSEISthe CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
the reprocessed deep seismic reﬂection transect of the Central Iberian
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Fig. 1. (a) Sketch illustrating the extension of the Variscan–Alleghanian Orogen. The blue circle indicates the location of the Iberian Massif. (b) The tectonic map of the Iberian Peninsula
with themain zones of the Iberianmassif and the location of normal incidence deep seismic reﬂection transects. The red rectangle indicates the location of the study area and it is expanded
in (c). (c)Geologicalmap in the survey area showing location of theALCUDIA deep seismic reﬂection proﬁle. The blue rectangles at the ends of theALCUDIA transect are presented in Figs. 5
and 7. The CDPs are indicated along the transect. (d) The structural cross section derived from surface geology. (e) The Bouguer gravity anomaly and the topographic proﬁles along the
ALCUDIA deep seismic reﬂection proﬁle (modiﬁed from Martínez-Poyatos et al., 2012).
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et al., 2003). However, how the residual deformation is distributedwithin
the interior of the plate is still an unresolved issue. The ALCUDIA
(Martínez-Poyatos et al., 2012) deep seismic reﬂection transect was one
of the ﬁrst attempts to characterize the deformation of a relatively old
intracontinental deformed zone far from the known sutures and lacking
surface outcrops of localized high or weak strain zones within the crust.
In such a tectonic setting the lack of surface exposures of the deep rocks
results in little or almost no control/knowledge on the structure be-
neath the ﬁrst few kilometres.
The current topography of the Iberian plate is strongly conditioned
by the post Variscan plate tectonic evolution during the Mesozoic and
the Tertiary (Casas-Sainz and Cortés-Gracia, 2002; Casas-Sainz and
Faccenna, 2001; Cloetingh et al., 2002; Rosenbaum et al., 2002; Tejero
et al., 2006; Verges and Fernandez, 2006; De Vicente and Vegas,
2009). Longwavelength (hundreds of km) synclinal and anticlinal (sin-
uous) topography above 700m in average, characterizes the study area
of the Central Iberian Zone (CIZ) and most of the Iberian Plateau. This
large scale folding caused differential uplift/subsidence of different
areas of the Iberian plate and conditioned the distribution of basins
and ranges, bounded by folds and faults, suggesting a lithospheric
scale folding (Casas-Sainz and De Vicente, 2009; Cloetingh et al., 2002;
DeVicente andVegas, 2009). However, seismic constraints on the crust-
al structure from passive and active seismic source experiments (Diaz
and Gallart, 2009) suggest that the Moho discontinuity lacks signiﬁcant
topography in the Iberian Plateau. High resolution normal incidence
seismic reﬂection data acquired in the southwestern part of the Iberian
Peninsula, namely the IBERSEIS and ALCUDIA transects (Fig. 1b), also
reveal a horizontal Moho at, c. 31–33 km depth. This is indicative that,
most probably, the recent internal deformation affecting the southwest
(caused by compression, collision betweenAfrica and Iberia) of the rigid
plate of Iberia is limited andmostly accommodated by structureswithin
the crust.
With these antecedents in mind, the Vibroseis normal incidence
transect, ALCUDIA, was reprocessed. Then, an attempt was made to
reinterpret the image beyond the primary results by Martínez-Poyatos
et al., 2012. The new image improves the resolution of the near surface
features allowing a more accurate correlation with the surface geology.
It also reveals different seismic reﬂection fabrics which place some con-
straints on the stress ﬁeld and help with the assessment of the internal
crustal deformation. The overall image suggests the possibility of crustal
ﬂow, such mechanism could account for the inferred decoupling
between the topography of the surface and that of the Moho. The
reprocessing of the data has improved the quality of reﬂections by
means of a careful choice of processing parameters and an optimal
stacking velocity model. The preservation of the true crustal reﬂectivity
and that of steeply dipping structures was also carefully considered. For
theﬁrst time, a detailed structural interpretation of the upper and lower
crust is presented on depth convertedmigrated sections. The new anal-
ysis of the data enabled us (i) to signiﬁcantly improve the geometry of
the principal faults and reﬂections, (ii) to further constrain the previous
geological interpretation by Martínez-Poyatos et al. (2012), and (iii) to
update and propose new geological points of views on critical sections
along the proﬁle.
2. Tectonic framework
The Iberian Massif is part of the Variscan Orogen of western Europe
and the CIZ is a signiﬁcant continental portion of the Iberian Massif
(Fig. 1a and b). The CIZ can be considered the equivalent of the
Moldanubian Zone in the Variscan of central Europe (Franke, 2000;
Vollbrecht et al., 1989). The Variscan belt was the product of the colli-
sion of two continents, Laurentia–Baltica to the north and Gondwana
to the south, during the Late Paleozoic (Franke, 2000; Matte, 1986,
2001). Within the Iberian Peninsula the evolution of the Variscan belt
has been extensively studied (e.g., Pérez-Estaún and Bea, 2004). APlease cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101complete cross section of a portion of the orogen actually outcrops in
the southwestern part of the peninsula and it was the key target of
the IBERSEIS seismic experiment (Carbonell et al., 2004; Simancas
et al., 2003). The physical properties of that portion of the orogen
have been also constrain by a complementing wide-angle transect
(Palomeras et al., 2009, 2010, 2011).
The Variscan Orogen in southwest Iberia is composed of continental
blocks (South Portuguese, Ossa–Morena and Central Iberian Zones)
bounded by suture units (Fig. 1b). The OMZ is limited to the north by
the Badajoz–Cordoba shear zone, which includes the Central Unit
(CU); it is recognized as a major suture zone (Azor et al., 1994; Burg
et al., 1981; Simancas et al., 2001). The CU is a north dipping continuous
ductile shear band 5 km inwidth. It is bounded by the Azuaga Fault (AF)
to the south and the Matachel Fault (Maf) to the north (Fig. 1c and d).
The latter is considered to be the southern limit of the CIZ. The ALCUDIA
transect samples the CU in its southern end and extends for, approxi-
mately 230 km to the north in the CIZ. The surface geology of the CIZ
is characterized by, a series of synclinal and anticlinal upright folds
and faults NW–SE oriented (Fig. 1c). The CIZ also features igneous intru-
sions as granitic plutons and batholiths of different sizes (Fig. 1c).
ALCUDIA transect crossing a couple of them (Pedroches batholith and
Mora pluton). Furthermore, one of the largest mercury mines is located
about 100 km north of the southern end of the transect, the Almadén
mercury deposit (Jebrak et al., 2002; Saupe, 1990). The Almadén mine
has produced over 35% of world's mercury production (Boorder and
Westerhof, 1994). The northern end of the transect is located just
north of the Toledo Fault (Fig. 1c and d), which is a ductile–brittle
extensional shear zone cropping out just south of the city of Toledo
(Barbero, 1995; Hernàndez-Enrile, 1991), active during Late Variscan
times (Doblas et al., 1994). García-Lobón et al. (2014) present the acqui-
sition processing and interpretation of coincident potential ﬁeld data
(gravity and magnetics) along the ALCUDIA transect. The tectonic evo-
lution and description of the deformation phases of the CIZ can be found
in Martínez-Poyatos et al. (2012) and references therein. The ALCUDIA
deep seismic reﬂection transect, runs perpendicular to the geologic
structures, imaging the lithospheric section of a large portion of the
Central Iberian Zone (CIZ) and its southern limit, the Central Unit (CU).
3. Acquisition and new processing approach
The ALCUDIA deep seismic proﬁle was designed to be a high quality
LITHOPROBE style normal incidence deep seismic reﬂection transect.
The proﬁle was perpendicular to the main surface geologic features. It
was acquired by an academic crew in 56 days during spring 2007
using Vibroseis sources and a SERCEL 388 seismic acquisition instru-
ment, with a capability of recording up to 400 channels. Besides local
relief due to lithological contrasts, the long term undulating topography
along the proﬁle varies fromabout 500m in the southern/central part to
800 m in the northern part (Fig. 1e). The transect can be considered
a northern extension of the IBERSEIS normal incidence transect
(Simancas et al., 2003), therefore, very similar acquisition parameters
(Table 1) were used. In order to better image the shallow sub-surface
the source was activated every 70 m and an asymmetric split spread
with 35 m station spacing was used. Four Vibroseis trucks were used
to generate 20 s long nonlinear sweeps within frequency range of
8–80 Hz. In total, 3622 VPs were generated. Each VP consisted in six
nonlinear sweeps. The conﬁguration resulted into a common midpoint
(CDP) spacing of 17.5 m with a nominal CDP fold of 60. The transect
followed mostly unpaved roads whenever possible; however it went
through few villages. In the inhabited areas sources could not be
activated, therefore, to avoid data gaps villages were under shoot. The
VP spacing a few kms before and after the villages the source spacing
was reduce to 35 m and the spread length was increased. This help to
avoid large fold variation beneath inhabited areas.
The raw seismic data show sufﬁcient high signal to noise ratio and
occasionally relatively high amplitude reﬂections can be observed atthe reprocessed deep seismic reﬂection transect of the Central Iberian
6/j.tecto.2014.02.014
Table 1
Acquisition parameters for the ALCUDIA seismic proﬁle (modiﬁed after Martínez-
Poyatos et al., 2012).
Proﬁle ALCUDIA
Type of survey 2D crooked line
Recording system SERCEL 388
Nominal spread Asymmetrical split spread
Nominal fold 60
Source type Vibroseis
No. of Vibroseis trucks 4 (+1 spare) 22 TM
No. of Sweeps per VP 6
Sweep length 20 s
Sweep type Nonlinear
Sweep frequencies 8–80 Hz
Nominal VP interval 70 m
Total No. of VP 3622
Geophones Group of 12, 10 Hz
No. of active channels 240
Receiver interval 35 m
Field low cut ﬁlter Out
Recording length 40 s (20 s after correlation)
Sampling rate 2 ms
Maximum offset 8900 m
Total length 230 km
Date acquired 01/05–25/06, 2007
4 S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxxshallow and deep levels. Martínez-Poyatos et al. (2012) presented the
ﬁrst stacked images of the data and were able to place constraints on
a large scale crustal structural model. The current work has devoted a
large effort in enhancing the shallow reﬂectivity features in order to
be able to directly correlate the interpreted structures in the seismic
cross section with the surface outcrops. Furthermore, special attention
has been placed in the fabric of the deep reﬂectivity to obtain clear
geometries and estimates of their position in depth. In summary, the
new processing strategies (Table 2) have pursued: prestack signal
enhancement; stacking velocity models for normal moveout (NMO)
corrections; detailed statics; DMO; migration; and depth conversion.
Some of this has proven beneﬁcial; others have not been that effective
(for example DMO, which is discussed later in the text). The interpreta-
tion by Martínez-Poyatos et al. (2012) suggested a relatively high
degree of structural complexity. There are for example a number ofTable 2
The principal processing parameters.
Parameters
1) Read SEG-Y data 20 s
2) Resample 4 ms
3) Apply geometry Crooked line
4) First arrival picking Automatic & manual
5) Trace edits Manual
6) Refraction statics Datum 630 m, single layer model, bedrock
5000 m/s, overburden 2900 m/s
7) Band pass ﬁltering Time-variant ﬁltering
0–2500 ms: 18–30–70–80 Hz
2600–5000 ms: 15–25–60–70 Hz
5100–8000 ms: 10–20–50–60 Hz
8100–12,000 ms: 10–15–45–50 Hz
2000–20,000 ms: 10–17–40–50 Hz
8) Surface wave attenuation FK Filter 9 ms/trace
9) Wiener deconvolution Filter length 150 ms, gap length 16 ms
10) Airwave ﬁlter 330 m/s
11) SD compensation Forward
12) Velocity analysis Iterative
13) NMO corrections 40% stretch mute
14) DMO corrections 60% stretch factor
15) Residual statics Twice & iterative
16) CMP Stacking Unity
17) FX-deconvolution 100 ms 50 traces
18) Migration Stolt 5000 m/s (Poststack)
Kirchhoff 5500 m/s (Prestack)
19) Depth conversion 0–5000, 10,000–6200, 10,000–6200,
20,000–8000 ms–m/s
Please cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101high dip structures, even subvertical features. This will need special at-
tention, designing the static correction, NMO velocity model, migration,
and depth conversion.
The entire seismic section is characterized by very limited sedimen-
tary cover. Therefore, it can be considered that the data was acquired in
relatively high velocity crystalline crust. A large percentage of the
surface outcrop along the line composed of quartzite, slate and granite
(Fig. 1c). Considerations that are effective in this environment where
carefully considered (e.g., Cheraghi et al., 2011; Heinonen et al., 2013;
Juhlin et al., 2010; Schmelzbach et al., 2007). A substantial amount of
effort was spent on processing scheme to preserve relative true ampli-
tudes. The useful frequency content determined from ﬁlter panels was
considered to be of 10–50 Hz. A smooth crooked CDP line with a CDP
spacing of 17.5 m was used for stacking. The selected CDP line was
close to the actual receiver source positions along the proﬁle whereas
the orientation of the CDP bins are deﬁned in a way to minimize the
loss of midpoint traces. The trace editing was performed to remove
noisy traces and a spherical divergence correction was applied on the
data to compensate for the loss of energy due to attenuation and scatter-
ing (Robinson and Coruh, 1988). The reﬂections in the raw shot gather
(Fig. 2a) are masked by random noise and coherent events (i.e., shear
wave energy and ground roll, and reverberations). The amplitude of
these events was attenuated by time-variant band pass ﬁlter and
predictive Wiener deconvolution. The selected parameters (time and
frequency windows) for the time-variant band pass ﬁlter (i.e., decreas-
ing frequency bandwith increasing time) helped to enhance the deeper
reﬂections. On the recorded shot gathers, the surfacewave energy espe-
cially at shallow travel times was attenuated by frequency–wavenum-
ber ﬁltering (F–K). The variation in elevation and thickness of the
overburden and the signiﬁcant velocity contrast between the overbur-
den and the bedrock produce large travel time variations (Robinson
andCoruh, 1988; Yilmaz, 1989). Theﬁrst arrivals (i.e., direct and refracted
energy) were picked automatically followed by rigorous manual in-
spection for a good estimate of refraction statics to correct for the
time delays. For refraction static corrections, a single layer model
consisting of an overburden with the velocity set to 2900m/s and crys-
talline bedrock with the velocity set to 5000 m/s was chosen. Our ﬁnal
static model is reasonably smooth and consistent and shows a RMS-
misﬁt target of 7 ms (Fig. 3a). The processed shot record (Fig. 2b)
reveals a series of dipping reﬂections which are better imaged after
the application of the prestack processing ﬂow. The amplitude spectra
after prestack signal enhancements beneﬁted from the increase in the
energy of the high frequencieswhich indicates that amoderate increase
in the vertical resolution was achieved by the processing ﬂow (Fig. 2c
and d).
The raw shot records were sorted into CDP domain and NMO
corrected. Careful velocity analysis was done prior to the stacking of
data. Surface geology reveals numerous steeply dipping structures (for
example in the southern end of the line) and high angle folds, south of
the Almadén Syncline (Fig. 1c and d). High stacking velocities were
required to image these dipping structures. To calculate the optimum
stacking velocities constant velocity stacks were carried out for a veloc-
ity range from 5000 m/s to 13,000 m/s with an increment of 500 m/s.
Since stacking velocities are dip dependent, dipping reﬂections stacked
coherently at higher stacking velocities while sub-horizontal reﬂections
stacked coherently at lower stacking velocities. The choice of the stack-
ing velocity function has a signiﬁcant inﬂuence on the image quality and
is also important for the proper estimation of residual statics (Malehmir
and Juhlin, 2010). The residual static corrections were estimated on the
NMO corrected gathers and improved the lateral continuity of the
events within the section. In theory the DMO process aims to resolve
conﬂicting dips, thus stacking velocities become independent of dip,
and helps to improve the velocity function (Deregowski, 1986: Yilmaz,
2001). Nevertheless, the application of the DMO on this dataset did
not improve the resolution and many reﬂections became weaker and
less continuous. The failure of the DMO is probably due to thethe reprocessed deep seismic reﬂection transect of the Central Iberian
6/j.tecto.2014.02.014
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Fig. 2. An example of raw shot gather fromALCUDIA deep seismic reﬂection proﬁle (a) before processing and, (b) after processing; source point 660. The source generated noise and ran-
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5S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxxcrookedness of the proﬁle (Deregowski, 1986; Juhlin et al., 2010). The
ﬁnal stack section (Fig. 3d) shows moderately to steeply dipping and
subhorizontal reﬂections at both shallow and deep levels. For display
purposes a coherency ﬁltering (FX-deconvolution) was applied after
stacking to attenuate the random noise.
The stack section reveals a series of vertical strips (Fig. 3d) where
signal to noise ratio is low. These vertical bands are roughly coincident
with the thickest syncline structures (which are cored by Ordovician
to Devonian alternating slates and quartzites) observed at the surface
(Figs. 3d and 4b). The poorly imaged bands are related to the limitation
of seismic reﬂection method over steeply dipping limbs of folded struc-
tures (e.g., Heinonen et al., 2012; White et al., 2000). Note the correla-
tion of the relatively low signal to noise ratio beneath the Guadalmez
syncline, the Almadén syncline, the Herrera del Duque syncline and
the Navalucillos syncline. The data quality beneath the Guadarranque
syncline is also characterized by low signal to noise ratio but is not as
low as observed beneath the other synclines. On the contrary, these syn-
clines show enhanced reﬂectivity in the range of c. 0–1 s, (0 to 3 km
depth). This could be attributed to contrasting impedance in the Ordo-
vician to Devonian successions and/or structure shallowing with
depth. The stack was then migrated so that the subsurface structurePlease cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101would be closer to the real geometry and the reﬂectors would be placed
to their true subsurface position and the corresponding dips should be
close to true dip. This is correct in laterally homogeneous velocity
model. Note that the line was acquired on crystalline terrain and the
surface outcrop is indicative of a relatively high degree of heterogeneity
in the subsurface. Nevertheless, in order to get a reliable representation
of the subsurface, a series of tests, with different velocity ﬁelds, on the
available poststack time migration algorithms such as Kirchhoff, ﬁnite-
difference, phase-shift, and Stolt were performed. Stolt and phase-
shift migration approaches provided qualitatively better results for a
constant velocity of 5000 m/s. Initially, the NMO velocity model was
used for depth conversion, but the relatively large degree of lateral
velocity variability did not produce a better image. For the depth con-
version, an average velocity of 6200 m/s for the crust and 8000 m/s
for the reﬂections beneath the Moho were used (Fig. 4a).
4. A cross section across the CIZ from the ALCUDIA deep seismic
reﬂection image
The ALCUDIA normal incidence deep seismic proﬁle (Figs. 3d and
4a) reveals highly reﬂective crust down to depths of c. 31 km. Thethe reprocessed deep seismic reﬂection transect of the Central Iberian
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6 S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxxhigh quality data features complex geological structures and numerous
reﬂections with various dips and lengths. The ALCUDIA transect was
acquired perpendicular to the strike of main geological structures,
therefore, most of the events can be interpreted as reﬂections located
within-the-plane of proﬁle. A small number of events have been identi-
ﬁed as related to over-migration artifacts. These are located at shallow
levels and occasionally appear within the lower crust (Fig. 4a). They
are, most probably due to discrepancies in the velocity model used for
themigration. The reﬂectivity in the upper part shows good correlation
with the surface geology, and this knowledge guided the interpretation
of most of the seismic events and fabrics. The new interpretation com-
plements the relatively large scale model developed in Martínez-
Poyatos et al. (2012). The seismic cross-section is analysed from south
to north. The upper crust of the CIZ can be considered in average c.
13 km thick. Taking the observations from the surface outcrop jointly
with the seismic image the transect can be roughly divided (in general
terms), in three parts with distinctive characteristics depending on the
seismic reﬂection fabric (Fig. 4b and c). From south to north, the section
can be divided in; Zones I, II and, III.4.1. Zone I
This is a heterogeneously deformed zone, which can be determined
from the southern end of the line up to CDP 4000, which at surface
would correspond to the southern ﬂank of the Guadalmez syncline.
This portion includes amajor suture zone, (the Tomar–Badajoz–Cordoba
shear zone where the most representative unit is the CU) and highly
deformed bounding areas (e.g., Espiel Thrust Sheet) (Fig. 1c and d).
This zone would represent c. 70 km wide area of deformation (mostlyPlease cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101transpressive deformation); it also features a series of plutonic intru-
sions, the most representative of which is the Pedroches Batholith.
4.2. Zone II
This part would represent a less deformed zone which would have
accommodated a small fraction of the compressive deformation. The
accommodation would have taken place in the development of a series
of synclinal and anticlinal geologic structures. There are ﬁve well
marked synclines (Guadalmez syncline, Almadén syncline, Herrera del
Duque syncline, Guadarranque syncline and Navalucillos syncline) in
between them there are four anticlines (Alcudia anticline, Esteras anti-
cline, Navalpino anticline, and Valdelacasa anticline) (Figs. 1c and 4c).
At relatively shallow layers this Zone II mostly consists of a deformed
layer cake lithology (mostly alternating slate and quartzite) (Fig. 1c
and d). These folds can be cored by blind thrust of relatively small
dimensions (a few km). This blind thrusting is suggested by the seismic
fabric of the upper crust.
4.3. Zone III
This part would correspond from CDP 11,700 up to the northern end
of the seismic transect and in outcrop this includes theMora Pluton and
the southern part of the Toledo Anatectic Complex,with the tectonically
relevant Toledo Fault (TF). This last part is apparently the least affected
by compression at the surface. The geologic evidence, surface outcrops
and the structure suggested by the seismic reﬂection image indicate
that the area has been affected by a major extensive tectonic event
responsible for the, relatively, low angle fault systems. The mid-lower
crust with an estimated thickness of c. 17 km features relatively highthe reprocessed deep seismic reﬂection transect of the Central Iberian
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7S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxxamplitude reﬂectivity fabric which suggests a laminated lower crust
beneath the CIZ (Fig. 4a and c).
By contrast, the mid-lower crust of the southernmost end of the
transect under the CU features a diffused reﬂectivity pattern and lacks
localized events which would correspond to the OMZ crust. The Moho
discontinuity at an approximate depth of 31 km is the most prominent
feature of the image, and it changes character along the proﬁle most
probably revealing differences in its nature (Carbonell et al., 2013).
4.4. Upper crust of the CIZ
The seismic images reveal patches of reﬂectivity which feature char-
acteristic trends (dip attitude, amplitude, and lateral continuity) which
appear to complement the surface observations. For example the rela-
tively high angle dips of the events in the southern and northern most
parts of the seismic images suggest a complex degree of faulting and/
or folding (Fig. 4a and c). The southern end of the transect images the
suture zone that separates the OMZ from the CIZ where the CU has
been described (Azor et al., 1994; Burg et al., 1981; Simancas et al.,
2001). This section overlaps with the IBERSEIS transect (Simancas
et al., 2003, 2013) which is located, approximately, 70 km to the NW
(Fig. 1b). The image of the suture reveals geometry with similar struc-
tures as interpreted in the IBERSEIS proﬁle. The northeast dipping
reﬂections from CDPs 1000 to 1500 are observed at c. 3 to 9 km depth
(Figs. 4c and 5). These reﬂections probably represent the depthPlease cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101extension of the highly sheared CU, cut by the Espiel thrust at c.
2.5 km depth. The Azuaga Fault (AF), subvertical at surface, marks the
southernmost limit of the transect (Fig. 1c) and mainly due to lack/
reduced fold coverage the fault is not seen in the stack section. How-
ever, a steep north dipping event that intersects the ﬁrst arrivals can
be identiﬁed in shot gathers from 3590 to 3622 (Fig. 5c). This corre-
sponds to the station located on top of the surface outcrop of the Azuaga
Fault zone. A series of south dipping events can be identiﬁed at the loca-
tion of CDPs 850 to 1250, c. 0 to 3 km depth. These events appear to
correlate with surface outcropping south dipping faults which corre-
spond to the northeast vergent Espiel thrust sheet. Note also that the
seismic fabric denotes that the crust has been strongly folded and
sheared revealing that this part concentrates relatively large amount
of deformation (Figs. 4c and 5). For example, within a relatively short
horizontal distance the reﬂectivity patterns change dip. This contrasts
with the rest of the proﬁle, where the folding is less intense and the
reﬂected events feature smaller dips. Within CDPs 100 to 4000 (Zone
1) (Fig. 5), the crust is characterized by a relatively high degree of com-
plex structures denoting intense strain/deformation. The deformation
due to the collision is most probably localized near the main suture
zone (the CU) and decreases towards the north (increasing CDP num-
bers). The shallow northeast and southwest dipping reﬂections within
CDPs 1000 to 1750 can be associated to the Peraleda anticline (Figs. 4c
and 5). This structure, the Peraleda anticline is cut by a thrust fault
that projects to the surface approximately at CDP 1490. The reﬂectivitythe reprocessed deep seismic reﬂection transect of the Central Iberian
6/j.tecto.2014.02.014
D
ep
th
 (k
m)
0.0
3.0
9.0
6.0
12.0
15.0
3000 40001000 2000 350025001500500
SW NE
CDP
Pedroches
Batholith
Peraleda
AnticlineEspiel Thrust Sheet
l
ehc
at
a
M Fa
ul
t
Central Unit Synform
D
ep
th
 (k
m)
0.0
3.0
9.0
6.0
12.0
15.0
6143.726.58.7 7052.53517.5
Distance along CDP line (km)
GraniteQuartzite Mississippian Succession
SW NE
Suture rocks
Serie Negra
(NeoProterozoic)
OMZ
CIZ
a)
b)
UC1
?
?
DL
MaF
Base of granitic batho
lith
Zone I
x
742874697508755075907637
Shot 3618
CDP Number CDP Number
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
Ti
m
e 
(s)
Shot 3591
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00NE NE
SW SW
Ti
m
e 
(s)
Receiver location Receiver location
731373577399743974797520
300260220180140100 460420380340300260
c)
1000
100
CUCU
Canaleja 
Fault
Fig. 5. (a) Uninterpreted and, (b) interpreted migrated depth sections of the upper crust along the southern portion (Zone I) of the ALCUDIA deep seismic reﬂection proﬁle. The images
reveal a good correlation between the reﬂections in the shallow crust and the surface geology. The high angle oblique faults representmore intense deformation close to the deformational
front. (c) The selected shot gathers (3618, 3591) after processing. These shot records show a band of north dipping reﬂections highlighted with black arrows. This band of reﬂections
correlates with the southern limit of the Azuaga Fault. Abbreviations: CIZ, Central Iberian Zone; CU, Central Unit; OMZ, Ossa–Morena Zone; MaF, Matachel Fault; DL, Decollement level;
x, imbricate thrust system (see text for further interpretation).
8 S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxxfabric decreases in amplitude just beneath the entire extension of
the Peraleda Anticline. This lack of reﬂectivity under the core of the an-
ticline suggests that it might be due to the presence of a southern
extension of a small granitic pluton (the Valsequello stock) at the sur-
face. The amplitude of the reﬂectivity is recovered between the Canaleja
Fault and the southern limit of the Pedroches Batholith a major Late
Variscan Igneous plutonic complex. The Pedroches Batholith lacks a
characteristic reﬂectivity fabric which is typical of undeformed plu-
tonic bodies. There is a lack of a clear reﬂection fabric until 4.5 km
depth. This most probably denotes the base of this intrusive bodyPlease cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101at c. 4.5 km depth, in accordance with the interpretation by Aranguren
et al. (1997) as a thin laccolith intrusion. The reﬂectivity gap has an ex-
tension of approximately 27 km in length, although the pluton only out-
crops for about 14 km, which indicates that the Pedroches Batholith
continues northwards below the Mississippian sediments (Fig. 5b).
The amplitude level of the near surface reﬂectivity fabric is nearly
continuous from CDP 4000 until CDP 11,700 (Zone II). At this location
the southern limit of the Mora Pluton has been mapped at the surface.
From CDP 4000 (the surface location of the PG–CV Fault), until CDP
11,700, approximately the reﬂection fabric suggests an undulatingthe reprocessed deep seismic reﬂection transect of the Central Iberian
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9S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxxseries of surface structures with enhanced reﬂectivity in the synclines
(Ordovician to Devonian rocks) (Figs. 4c and 6). Between this CDP
range (4000 to 11,700) there are two localized spotswhere the reﬂectiv-
ity weakens: one in an area centred, approximately at CDP 5000 and a
second centred, approximately at CDP 7000. These coincide with the
Alcudia and Esteras anticlines, where theOrdovician to Devonian succes-
sion is missing and the Neoproterozoic to Cambrian (Schist–Greywacke
Complex) succession outcrops in anticlinal structures. Below the surface
fold-train, reverse faulting (blind thrusts) probably accompanied the
folding in the upper crust (c. 3 to 12 kmdepth) (Fig. 6). The deep reﬂec-
tivity of central part of the upper crust from about CDPs 2500 to 10,500
(Figs. 4c, 5 and 6) shows an imbricate character of folds and reverse
faults. Three sets of southwest verging imbricate thrust systems (x, y,
and z in Fig. 4c) are recognized along the southern and central part of
the upper crust. The set of northdipping reﬂective bands,most probably
represent a thrust fault system featuring small displacement thatmerge
in the subhorizontal reﬂective band interpreted as a basal decollement
(DL) which separates the upper crust from the mid-lower crust at a
depth of c. 13 km.
Towards the northern end of the transect the surface outcrop reveals
evidences of extensional faulting, the Toledo Fault (TF) being the
major example (Barbero, 1995; Hernàndez-Enrile, 1991). Themajor-
ity of the observed reﬂectivity correlates with the surface geology.
We interpret a series of southwest dipping reﬂections which are indic-
ative of, relatively, low angle faults (TF, MF, F1, F2, F3) (Fig. 7). In the
seismic image, the Toledo Fault (TF) can be interpreted as a south
dipping event which, although weak and diffuse near the surface can
follow dipping towards the south from CDP 13,100 till CDP 11,800
(Fig. 7). Another prominent reﬂection projects to the surface at
about CDP 11,600, and it appears to correlate with the Mora Fault
(MF). The reﬂectivity of the TF andMF decreases at the surface possibly
due to the contact with granitic bodies and soles down at c. 6 km.Please cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101Reﬂections F1 and F2 do not extend to the surface whereas F3 merges
with the TF. A semi-transparent unit (Mora pluton) is imaged from
CDPs 11,600 to 12,600 that extend to depths of about 3 km. The Toledo
Fault (TF) also acts as the upper limit of the Toledo Anatectic complex.
The Mora Pluton, the Toledo Anatectic complex, and the Toledo and
Mora Faults (south dipping fault system) deﬁne the geometry of what
has been labelled as Zone III (Figs. 4c and 7).
4.5. Middle-lower crust
From southwest to northeast comparing the seismic fabric that char-
acterizes the mid-lower crust of the deﬁned three zones it is observed
that in the stack section Zone I features a relatively large population of
arcuate reﬂection segments denoting or suggesting boudinage struc-
tures within the mid-lower crust. These suggested lens shape features
turn to be horizontally stretched from CDP 4000 onwards, just after
the wedge feature that is imaged beneath the Moho (Figs. 3d and 4a).
There is also a transition in the vertical direction of the shape of these
boudins (Fig. 8). The seismic image reveals a complicated mid-lower
crustal structure, which is most probably a result of inter-network
of shear zones which result in a relatively large scale boudinage fabric,
boudinswith a horizontal length of 500 CDPs, (about 7 to 9 km). Another
feature which is relevant to point out is a dipping band of weak or lack-
ing seismic reﬂectivity which starts at the lower crust beneath CDP
1500 and extends to the surface at CDP 2500 very close to the southern
border of the Pedroches Batholith. This suggests possible association
with the batholith. This zone of weak reﬂectivity could be interpreted
as channel/pathwaywhichwould feed the batholith with the necessary
granitic magmas. At deeper levels (c. 30 km) and between CDPs 2800
and 3900, a singular wedge structure is imaged, which involves the
Moho discontinuity (Figs. 4a, c, and 8). The complex wedge reveals
about 18 km of the lower crust featuring relatively high amplitudethe reprocessed deep seismic reﬂection transect of the Central Iberian
6/j.tecto.2014.02.014
SW
126001220011400 130001180011000
Toledo FaultMora PlutonNavalucillos Syncline
CDP
Mora Faulta)
0.0
4.5
1.5
3.0
6.0
7.5
D
ep
th
 (k
m)
192.5
b)
0.0
4.5
1.5
3.0
6.0
7.5
D
ep
th
 (k
m)
Distance along CDP line (km)
SW NE
NE
?
?
TF
F1
F2
F3
MF
Zone II Zone III
227.5220.5213.5206.5199.5
Base of Mo
ra pluton
427293333374415
Shot 145
CDP Number CDP Number
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
Ti
m
e 
(s)
Shot 139
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
NESW
Receiver location Receiver location
304345386
1288013000129601292012880 13040130001296012920
Ti
m
e 
(s)
NESW
262
c)
12
00
0
13
00
0
Toledo Anatectic 
Complex Schist-Greywacke Granite Quartzite
Fig. 7. (a)Uninterpreted and, (b) interpretedmigrateddepth sections of theupper crust along thenorthernportion (Zones II and III) of theALCUDIA deep seismic reﬂection proﬁle features
a complex series of low angle normal faults (TF,MF, F1, F2 and F3). (c) Twoprocessed shots gathers from thenorthern end of theALCUDIA transect showa band of south dipping reﬂections
which project to the surface. Abbreviations: TF, Toledo Fault; MF, Mora Fault (see text for further interpretation).
10 S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxxand laterally continuous events which are arcuate at the top (c. 20 to
25 kmdepth). Beneath the dome like feature there is amarked reﬂectivity
fabric that extends down to the interpreted base of the crust. A possible
explanation for this wedge like feature is that it can correspond to the
deep representation of the surface identiﬁed major suture zone of the
CU (Fig. 8). North of the wedge structure and within Zone II, the crustal
structure is characterized by a relatively horizontal reﬂectivity fabric
which deﬁnes relatively long/stretched boudins (on the order of 1500
to 2000 CDPs in width which corresponds to, 26 to 43 km) about a factor
of 4 times wider than the boudins identiﬁed in Zone I (Figs. 3d and 4a).
The vertical thickness of these boudins is about 1.5 km (which corre-
sponds to, approximately 0.5 of the boudins' thickness identiﬁed in
Zone I). At this respect, the northern end of the IBERSEIS transect also im-
aged boudinage features with similar dimensions (Carbonell et al., 2004;
Simancas et al., 2003), these were located in the lower crust just north of
the outcrop of the CU. The seismic events simulate slices of crustal mate-
rial (boudins) which have been stacked one on top of the other, along
highly reﬂective shear zones. The structure could be interpreted as thePlease cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101result of a transpressive suture zonewhere the deformation has been dis-
tributed and a large part of the deformation has been accommodated by a
ﬂower structure about 52 km of which are imaged and mapped by the
ALCUDIAdeep seismic reﬂection image. Note that the IBERSEIS normal in-
cidence transect (Carbonell et al., 2004; Simancas et al., 2003) identiﬁed a
mid crustal magmatic intrusion which was labelled Iberian Reﬂective
Body (IRB). The current transect corresponds to the northern extension
of the IBERSEIS, and such a mid crustal high amplitude reﬂectivity struc-
ture is not identiﬁed. On the other hand, the prominent and complex
boudinage fabric is limited by a weak reﬂectivity feature that appears to
connect to the surface just beneath the Pedroches Granitic pluton. This
could correspond to a channel used by the granitic magmas that ended
up at the surface as the Pedroches Batholith. The seismic reﬂection fabrics
imaged beneath Zone I, the bivergent system of faults within the upper
crust and the south vergent pathway characterized by the lack of reﬂec-
tivity (Figs. 4c and 5) and the complex structure at the Moho beneath
CDPs 2800 to 3900 can be integrated into a crustal scale deformed ﬂower
structure. Crustal scale transpressive shear zones and/or large scale strike-the reprocessed deep seismic reﬂection transect of the Central Iberian
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11S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxxslip fault zones are able to involve the upper mantle which result in the
generation of melts (Pirajno, 2010). The Pedroches pluton can be the sur-
face expression of this crustal scale and probably deformed ﬂower
structure.
The change of seismic fabric between the shallow crust, above
12–14 km, and the seismic fabrics at deeper crustal levels evidence a
major change in how the strain is accommodated (Simancas et al.,
2013). At shallower levels, in Zone II folding accounts for thePlease cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101deformation (Figs. 4c and 6). These folds, below the surface, are proba-
bly cored byblind thrusts (Fig. 6)which accommodate the transpressive
shortening that accumulated during the collision andwasnot accounted
for in the development of the ﬂower structure in Zone I. Therefore, the
folds near the suture zone (the Badajoz–Cordoba shear zone) feature
nearly subvertical limbs. Towards the north the folds are less pro-
nounced indicating a decrease in the amount of deformation in the
northeastern direction. It is very important to keep in mind that short-
ening was also accommodated by deformation and material movement
in and out of the planeof the seismic image. Themid-lower crust accom-
modated the deformation within, by a mechanics that generated nearly
horizontal seismic reﬂection fabric. Note that the change in the defor-
mation style corresponds to a relatively sharp discontinuity at c. 12–
14 km depth, which most probably corresponds to the ductile–brittle
transition. This feature (the brittle to ductile transition)was also evident
within the IBERSEIS deep seismic reﬂection image (Carbonell et al.,
2004; Simancas et al., 2003).
The Zone II (CDPs 4000 to 11,700) features a relatively marked
vertical change in the seismic signature which is located at a depth of
c. 12–14 km. Above this depth the reﬂectivity is somewhat diffuse
with some events which are mostly dipping either to the north or to
the south (see for example events labelled y and z in Figs. 4c and 6).
Beneath this depth, the reﬂectivity fabric denotes a relatively large
number of laterally continuous packets of events which are mostly hor-
izontal and/or slightly curved (downwards) which ﬂatten at the Moho
depth. These packets have lengths that can extend to, almost 1000
CDPs, over more than 15 km in length. Zone II at the surface extends
till CDP 11,700, at depth; it probably extends up to CDP 10,500. It
could be suggested that this location is the southern limit of the exten-
sional fault system where it soles into the brittle to ductile transition.
The south dipping feature can be projected to the surface at approxi-
mately CDP 13,100 (the TF in Figs. 4c and 7), an extensional fault of
Late to post Variscan age. Fig. 7 reveals that the TF is part of a system
of, mostly extensional faults. These geometrical relationships suggest
that this feature could also be considered as a pathway that would
have feed the granitic pluton.
Beneath theMF, the seismic section reveals a subhorizontal to south
dipping event fromCDPs 11,200 to 10,400which can be taken as the top
limit of the mid-lower crust (Fig. 9). The most prominent feature is a
high amplitude c. 0.8 km thick continuous band of reﬂectivity, located
at c. 23 km beneath CDP 13,100. This sequence of reﬂectivity is
subhorizontal up to CDP 12,300 where it rises towards the southwest
and reaches CDP 11,000 at c. 15 km. This well-marked feature has
been interpreted as a lower crust thrust that enabled extension at sur-
face (the TF and related normal faults) (see Martínez-Poyatos et al.,
2012 for further explanation). Thus, the south dipping extensional
fault zone in the upper crust and the thrust dipping to the north in the
lower crust deﬁne Zone III. The hanging wall of the lower crustal thrust
is highly deformed and features low amplitude and discontinuous re-
ﬂectivity. The southwest dipping reﬂectivity of the hangingwall is trun-
cated by a sequence of thrust faults that merge in the lower crustal
thrust (Fig. 9).
The Mohorovicic discontinuity beneath Zone II is a high amplitude
band of reﬂectivity which beneath Zone III splits into a double horizon-
tal band of reﬂections (Fig. 9). TheMoho beneath Zone II can be consid-
ered to be about 1.5 to 2.1 km thick. This Moho contrast with the Moho
imaged beneath Zone I which is a very thin feature less that 400 m. The
lower crust of Zone II is highly reﬂective and its base, the Moho discon-
tinuity, is located c. 31 km depth. The overall geometry of the Moho is
ﬂat with minor undulations and its internal fabric is subhorizontal.
The most outstanding feature below the Moho discontinuity is the
southwest dipping mantle wedge between CDPs 2800 to 3900 at c. 30
to 36 km (Figs. 4c and 8). Below the Moho, the upper mantle is almost
transparent and reﬂections are limited to deep zones at 18 to 19 s (65
to 70 km depth) over CDPs 6500 to 7000 and 16 to 17 s (45 to 55 km
depth) beneath CDPs 11,700 to 12,500 (Fig. 3d). The thickness of thethe reprocessed deep seismic reﬂection transect of the Central Iberian
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12 S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxxmid-lower crust in the northern and southern zones is relatively higher
than the central zone of the ALCUDIA transect.
5. Discussion
The ALCUDIA proﬁle provides a high resolution and reliable image of
the crust and uppermantle down to depths of about 45 km (15 s TWTT;
Figs. 3d, 4a, c, 10a, and b). Both, the IBERSEIS and the ALCUDIA seismic
proﬁles demonstrate that the CIZ overthrust the OMZ, resulting in
the formation of Devonian recumbent folding and thrusting decoupled
from the lower crust in the footwall, and back-folding and back-
shearing in the hanging wall (Simancas et al., 2001). The upper crust
interpretation of the ALCUDIA proﬁle is based on the surface geological
observation, regional geological knowledge and reﬂectivity patterns
(Fig. 10a and b). The normal faults in the upper crust are interpreted
on the ALCUDIA proﬁle by their direct correlation with the surface
structures. The deep structural framework of the ALCUDIA proﬁle com-
prises high amplitude, horizontal to subhorizontal, laterally coherent
reﬂectivity and gently to steeply dipping reﬂections. Large scale strike-
slip faults constitute major structures that can extend to lithospheric
depths (Zengqian et al., 2003). These structures are able to channel
mantle material into the subcontinental lithospheric mantle and/or
indirectly provide heat that can inducemelting of lithospheric material,
resulting in igneous activity, characterized bymagmatic products, rang-
ing frommaﬁc–ultramaﬁc to granitic, but all with an alkaline signaturePlease cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101(Pirajno, 2010). Furthermore, the fractures zones constituteweak zones
(and pathways) which can be reactivated by any other tectonic activity
that can affect the area. The CU has been identiﬁed at the surface as the
most representative unit of the suture/transpressive shear zone, the
Tomar–Badajoz–Cordoba. At depth, a singular structure, the wedge, is
imaged beneath CDPs 2800 to 3900. This feature is a strong candidate
to reﬂect, or constitute evidence of the collision–suture zone at the
Moho depth (Martínez-Poyatos et al., 2012; Simancas et al., 2013).
The trend of the major structures identiﬁed in the surface geology,
and similar crocodile type collisional fabrics identiﬁed in the northern
end of the IBERSEIS transect seems to support this idea (Carbonell
et al., 2004; Simancas et al., 2003). Jointly these two structures, the sur-
face and the deep one can be interpreted as part of a crustal scale
deformed ﬂower structure generated during the transpressive, strike-
slip tectonics.
In the Almadén Mercury deposit, Silurian to Devonian alkali maﬁc
volcanics appear, the age of the Hg mineralization being centred at
340–360 Ma (Hall et al., 1997; Higueras et al., 2000), with some contri-
butions to the mineralization during the Pennsylvanian, 320 Ma (Hall
et al., 1997). Its origin is strongly debated, and there is still some discus-
sion on whether it is associated to hydrothermal activity or to alkali
maﬁc volcanics. Hydrothermal systems, for example in Nevada and
New Zealand, are known to report cinnabar and stibnite deposits.
These are presumably related to Pliocene to recent volcanism and a
change from subduction to transform tectonics (Peabody and Einaudi,the reprocessed deep seismic reﬂection transect of the Central Iberian
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13S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxx1992). Othermercury deposits in theAlmadén areawhich are hosted by
volcanics seem to indicate a direct relation between mercury minerali-
zation and mantle derived alkaline basaltic volcanics (see for example
the Las Cuevas deposit Hernandez, 1984; Ortega, 1986; Ortega and
Hernandez, 1992). It is recognized that there is a relatively high contri-
bution related to deepmaﬁc volcanics perhaps of asthenospheric origin
(Higueras et al., 2000; among other authors). In the Almadén district at
least one feeder pipe of the alkaline basalts and presumably also of thePlease cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101mercury mineralization, is known near the village of Almadenejos but
its tectonic control has not been established. Outside the Almadén dis-
trict, in the Paleozoic of Iberia, this type of volcanism has only been ob-
served in an area in Cantabria (Heinze et al., 1985), where substantial
mercury and antimony mineralizations have also known to occur
(Maucher, 1976). So the two apparently opposing views are not neces-
sarily mutually exclusive. The Geochemical characteristics of these
rocks suggest that the deposit is possibly related to mantle derivedthe reprocessed deep seismic reﬂection transect of the Central Iberian
6/j.tecto.2014.02.014
14 S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxxintraplate magmas that yielded basalts and olivine diabases of alka-
line afﬁnity, and quartz diabases of transitional to tholeitic afﬁnity.
The deposit was further enhanced by hydrothermal activity with
the involvement of sea water which favoured the appropriate condi-
tions for the generation of this unique deposit. Alkali maﬁc magmas of
mantle origin emplaced in a continental intraplate setting would
account for the origin of the Mercury deposit of Almadén. The IRB
(Carbonell et al., 2004; Simancas et al., 2003) was located within the
OMZ and it appears not to extend towards the CIZ. The ALCUDIA tran-
sect does not show evidence of the IRB extending further to the north.
Some of the fractures and faults within form the structure underlying
the Almadéndistrict, as suggested by the seismic image, could have pro-
vided the tectonic link with lower crust and mantle, together with the
pathways for the alkaline basaltic magma during the Late Ordovician
to Early Devonian. The mineralization was then farther emphasized
by the plume activity in Lower Carboniferous.
The relatively high amplitude reﬂection fabricwithin the CIZ is local-
ized within the mid-lower crust. This reﬂection fabric suggests a
strongly laminated lower crust which is almost horizontal and limited
by a remarkably horizontal Moho located at 31 km depth. The Bouguer
anomaly (Figs. 1e and 3c) along the ALCUDIA transect features a
40 mgal difference between the maxima near the southern end of
the transect and the minima near the northern end of the transect
(García-Lobón et al., 2014). The average topography is 500 m and its
high points are located at CDP 11,500 offset to the south of where the
relative Bouguer anomaly minimum is located. This 40 mgal decrease
in the Bouguer gravity anomaly in almost 250 km and the fact that
the Moho is horizontal at 31 km depth suggesting that the physical
properties of the crust (in particular the density) are changing towards
the north. This simple observation suggests that the CIZ crust features
higher content in maﬁc materials towards the south, within the
neighbourhood of the proposed ﬂower structure, until CDP 3000 and
decreases inmaﬁc content towards the north. Then the gravity anomaly
is nearly horizontal ~40 mgal which suggests that the content in maﬁc
materials is nearly constant from CDP 3000 up to CDP 11,000. From the
latter location till the northern end of the transect the crust is lessmaﬁc.
The available geophysical data (Palomeras et al., 2009, 2011; Pous et al.,
2011) over the southern end of the CIZ and the OMZ suggests a maﬁc
composition for the mid-lower crust beneath this contact zone.
The ALCUDIA transect corresponds to a northern extension of the
IBERSEIS. One of the most outstanding results of the IBERSEIS transect
was the imaging, in the middle crust of the OMZ, of the IRB high ampli-
tude reﬂection bodywhichwas interpreted as a layeredmaﬁc intrusion
(a stack of maﬁc sills) (Simancas et al., 2003). This suggests that the
maﬁc rocks that intruded the CIZ are mostly located within the mid-
lower crust, and mostly towards the south. At this respect, Carbonifer-
ous maﬁc rocks (both plutons and volcanics) exist in the southern end
of the CIZ (Fig. 1c), and are common in the OMZ (coherently with the
underlying IRB). These magmas, most probably used the preexisting
fault/fracture zones as pathways resulting in a strongly reﬂecting lami-
nated lower crust. The intrusion of the maﬁc material affected mostly
the ﬂower structure, itself, and decreased to the north. Within the
ﬂower structure, Zone I, the attitude of the fractureswould be subvertical.
This geometry is difﬁcult to image by normal incidence deep seismic
reﬂection data and only patches of reﬂecting bodies (relatively large
boudins) are imaged (Heinonen et al., 2012). The rest corresponds to
diffractions and back scattered energy typical seismic images of the
crystalline terranes. At increasing distances from the suture zone the atti-
tude of the weak zones (fractures, faults, and shear) is more horizontal
favouring the intrusion of sill-like structures, or alternatively as the
distance from the interpreted ﬂower structure increases the horizontal
fabric could represent anastomosing, ductile shear zones. These would
be responsible for the interpreted laminated lower crust.
The Moho discontinuity imaged over the CIZ features relatively high
amplitudes and horizontal band of reﬂectivity. The geometry of Moho
over the OMZ shows horizontal to ﬂat reﬂections (Figs. 3d and 4a).Please cite this article as: Ehsan, S.A., et al., Crustal deformation styles along
Zone (Iberian Peninsula), Tectonophysics (2014), http://dx.doi.org/10.101The horizontal geometry of the Moho discontinuity is an important
observation as it is located at the same depth, at c. 31 km, along the
IBERSEIS (Simancas et al., 2003) and the ALCUDIA transects
(Martínez-Poyatos et al., 2012; Simancas et al., 2013). This observation
indicates that the southern part of the Iberian Peninsula features a
Moho at a constant depth of 30 km from the Gulf of Cadiz to Toledo
(Carbonell et al., 2013; Diaz and Gallart, 2009). Therefore, the topogra-
phy along the ALCUDIA transect characterized by undulating long
wavelength (hundreds of km) contrasts with the lack of depth varia-
tions for the Moho discontinuity. The topography can change along
the ALCUDIA, approximately 0.5 km in average, and in the context of
the Iberian Plateau this topographic change can reach 0.7 km. Litho-
spheric scale folding (Casas-Sainz and De Vicente, 2009; Cloetingh
et al., 2002; De Vicente and Vegas, 2009) can account for the longwave-
length undulating topography and generated differential uplift/subsi-
dence in the different areas of the Iberian plate. However, the
horizontal geometry of theMoho requires that the deformation that re-
sulted in the surface topography needs to be accommodated within the
crust by the appropriate structures and or processes. The seismic image
strongly supports the partition of the strain in three different ways
which are regulated by the rheology and the physical properties (of
temperature and pressure). Near the surface and above 10–12 km the
deformation appears to be accommodated mostly by folding. These
folds are possibly cored by blind thrust which also accommodated
some amount of deformation. The faults constitute the limits of upper
crustal blocks which move mostly out of the plane of the image and
also contribute to the elevation to a small degree. The brittle to ductile
transition is the base of this blockwhere themid-lower crust is probably
represented by pods, boudins of material limited by shear zones. These
shear zones can be partially intruded by alkali maﬁc sills which make
them more reﬂective. This structure would be able to accommodate
compression by distributed amount of topographic uplift, generating
relatively long wavelength folding (Fig. 10). On the ALCUDIA stack sec-
tion the presence of the subhorizontal tectonic units indicates lateral ve-
locity variations which were not considered in case of the poststack
migration. An accurate estimation of velocity model is required to run
prestack migration to deal with sharp velocity variations (Flecha et al.,
2010). Prestack time migration (Kirchhoff) was applied on the
ALCUDIA proﬁle but it did not provide better resolution.
6. Conclusions
In this study,we revised the processingusing an improvedworkﬂow
for the ALCUDIA normal incidence deep seismic proﬁle about 230 km
long over an intracontinental part of the western European Variscan
Orogen in the Central Iberian Zone (central Spain). The reassessment
of the data enabled us to provide a high quality image and led us to an
updated and more conﬁdent geological interpretation. An optimal
estimation of the stacking velocity combined with a good estimation
of residual static, refraction static corrections, ﬁltering and migration
was the most important processing step.
Although the geology is complex, the image showsmuch of the shal-
low and deep structure of the CIZ, as well as the deep structure of the
suture with the OMZ. The regions of signiﬁcant faulting and folding
have been presented and interpreted in details along the ALCUDIA pro-
ﬁle. The seismic response of the subsurface can be differentiatedmainly
in two patterns, reﬂective or transparent. The contacts between the
reﬂective and transparent packages are interpreted as faults and in
some cases to originate from lithological variations. The transparent
sequences are interpreted to be originated from granitic bodies such
as Mora Pluton and Pedroches Batholith, each c. 3.5 km thick. In the
upper crust, the tectonic style of deformation is accommodated mainly
by folding, high angle faulting and the imbricate thrust systems. In the
north, the Toledo Fault and the Mora Fault are imaged as low angle
extensional listric features dipping to the south. In the south, the
north dipping Central Unit, associated with the CIZ/OMZ suture abutsthe reprocessed deep seismic reﬂection transect of the Central Iberian
6/j.tecto.2014.02.014
15S.A. Ehsan et al. / Tectonophysics xxx (2014) xxx–xxxagainst the Espiel thrust. A decollement is deﬁned at c. 13 km, based on
the contrast in reﬂectivity between the upper and the mid-lower crust.
Moreover, the occurrence of imbricate thrusts, in the upper crust,
shallowing downward implies that they sole down into a subhorizontal
basal detachment. The seismic image demonstrates that the upper
and mid-lower crust responded differently to the deformation. The
reﬂectivity of the lower crust is typical of the continental crust, dense
and subhorizontal to ﬂat across Zone II of the ALCUDIA. However, in-
tense deformation patterns are recognized as transpression/thrusting
across Zone I and III of the image. The ALCUDIA proﬁle shows dipping
reﬂectionswedging into the uppermantle that are interpreted to repre-
sent the Tomar–Badajoz–Cordoba shear zone at depth. The Moho
discontinuity is imaged at c. 31 km depth as ﬂat lying reﬂections with
minor undulations.
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